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We consider decays of the lowest-lying positive parity (56-plet) and negative 
parity (70-plet) excited baryons. For the 70-pIet, we include both single-quark 

Q, and two-quark decay operators, and find, somewhat mysteriously, that the two- 

■ quark operators are not phenomenologically important. Studies of decays 70 

' — > A + 7 may strengthen or vitiate this observation. For the 56-plet decays, now 
' using only the single-quark operator, we can predict many strong decays after 

fitting parameters on the assumption that the Roper is a 3q state. Comparison 
of these predictions to experiment can verify the structure of the 56-plet. As a 
^ ' sidelight, we show a large Nc derivation of the old Giirsey-Radicati mass formula. 

CO ' 1. Introduction 

(N 
O 



I should note that I have written on large Nc topics in collaboration with the 
I chief organizer of this conference and with the chairman of this session. Those 

works 1^ concerned mass operators for excited baryons using large N^ to seg- 
' regate terms by size, and a continuation of the mass analysis work is reported 

elsewhere in this conference |^]. This talk is not about that work. 
^ i' This talk will discuss the decays of excited baryons, in particular strong 

D . decays of the excited positive parity states |3| and electromagnetic decays of the 

negative parity states B (work from a similar viewpoint on strong decays of 



X 



the latter are reported in g). Large Nc ideas have contributed directly to the 
analysis we will report on by categorizing operators by order in Nc- In addition, 
we will show a large Nc derivation of an old mass formula We need this 
' mass formula because not all interesting states are yet found experimentally, and 

masses and phase space are crucial to calculating decay rates. It also happens 
that the large Nc derivation of the mass formula is new and interesting. 

As mentioned, we have looked at two sets of states. One set is the lowest- 
lying positive parity excited states of the baryons. Baryons in the ground state 
form a 56-dimensional representation of SU{6). The excited positive parity 
states also form a 56-plet, the 56'. The other set is the non-strange members 
of the lowest lying negative parity baryon excitations, which are members of a 
70-plet in SU{6). 

Regarding the 70-plet and the electromagnetic decays, the old and well 
known ^ treatment identifies three independent operators that involve a sin- 
gle quark. The 19 possible decay amplitudes have been measured and one 

^Invited talk at the workshop on The Phenomenology of Large Nc QCD, held at Arizona 
State University, Tempe, AZ, USA, 9-11 January 2002. 
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may try to fit them in terms of matrix elements of the three single quark opera- 
tors, with the overall coefficient for each operator fit to the data. The resulting 
fit is not awful, although with a about 4 per independent data point, one 
might hope for better. There are additional operators that involve other quarks 
as well, and one should not a priori neglect them in a low momentum transfer 
strong interaction process. We examined the 2-body operators [Q and found 
many that are not, contrary to our hope, suppressed by large Nc arguments. 
Regarding how much including them improved the fit to the data, we will let 
the reader find in Section 2. A hint may be found by scanning the conclusions 
in Section 5. 

Preceding the decay discussion for the 56' will be a seemingly tangential 
discussion of the Giirsey-Radicati mass formula |6) . This is a 4-parameter mass 
formula for a 56-plet of SU(6) (which has 8 independent masses, not counting 
isospin splittings). It applies to the ground state baryons, but also to the positive 
parity excited 56'. There are two reasons for including the Giirsey-Radicati mass 
formula discussion. One is that the original 1964 derivation is not to the modern 
taste, whereas a derivation using large Nc ideas is both clear and illustrative of 
how large Nc ideas let us estimate the sizes of terms , allowing us to keep the 
few largest mass operators to produce a mass relation, and to use the largest 
omitted term to estimate its error. The second reason is that not all the 56' 
states have been experimentally found, and we need the mass formula to get 
the masses of the missing states. The mass formula is discussed in Section 3. 

Were one to select a prime motive for the 56' strong decay discussion, it 
would be to help determine if the Roper be dominantly an ordinary 3q baryon 
state |l2|, or something more exotic such as a hybrid q'^g state or 
something not really a baryon state at all, but just an enhancement in some 
partial wave in a scattering process [ p^ . 

We shall be treating the Roper as if it is a 3q member of a 56-plet of 3g 
states, and calculate decay rates based on assuming the dominance of the (only 
possible) single quark decay operator an assumption that follows from the 
more detailed analysis made in the context of the negative parity 70-plet. The 
details of the analysis and predictions for many decays are presented in Section 4. 

Conclusions, again, are in Section 5. 

2. Radiative Decays of the 70 

The work described here follows upon the large Nc revival of the middle 1990's |]l5[ 
|l6[ ^ Most applications were to the ground state [|lOj, but the excited 
baryons were not entirely neglected In particular, strong decays of the 

70-plct were studied |^ in a manner one can recognize from the study of the 
electromagnetic decays that follows (though familiarity with the earlier work is 
not assumed in what is written here). 

One does know [|| that the 70-plet of SU{6) has one unit of orbital angular 
momentum (L = I) and negative parity. It has 20 states that are not strange, 
and if one lumps the isospin partners together, one is left with 7 independent 
states. 
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Two of the states are A's, characterized by / = 3/2, and denoted Aj 



2, 3/2 



2 2 ' 2 2 



(1) 



Five of the states are nucleons, with / = 1/2, and distinguished by whether the 
core quark spins are combined to give S =^ 1/2 or 3/2, 



II, 3/2 



N' 

^^1/2, 3/2, 5/2 



2' 



L = 1, J: 



1 3 

2' 2 
1 3 5 



2'^" 2'^"^"^" 2'2'2 



(2) 



Since nucleon states with the same J can mix, the physical Afi/2.3/2 states are 
the linear combinations 



" iV(1535) ■ 




iV(1650) 




" iV(1520) ■ 




iV(1700) 





cos 



sm c/jvi 



smf/jvi cosy^vi 



cos Qnz 
- sin 6'jv3 



sin 0JV3 
cos Qnz 



Nl/2 
K/2 
N3/2 
^3/2 



(3) 



Thus the non-strange sector of the 70-plet has 2 mixing angles and 7 masses. 

Consider decays in the N* rest frame (where N* is a member of the 70-plet). 
Using the outgoing photon direction as the helicity direction for the N* , one 
has 

3 . 1 



A = A. 



Ajv 



±2'±2 



(4) 



giving the helicity A of the N* also specifies the helicity A^ of the photon and 
of the ground state exiting nucleon A at. 

The decay amplitudes Ax are matrix elements |2l[] of decay operators Oi 



(5) 



and by parity, and A1/2 suffice pi| . 

We have to consider how to make the operators Oi. We can use the 



quark charge matrix 
photon polarization 
photon momentum 
P-wave quark polarization 
spin operator for quark 

With these ingredients, there are 3 one-body operators Oi, 



A^i 

k (or derivative V), 
a. 



aiQ^ (e • A), 

(e ■ k) (a^, ■ k X A), 
62Q* (<?* -k) (e-kx A), 



(6) 
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which are equivalent to the textbook |^ SU(6) one-body operators. The star 
means an operator acting on the initial P-wave quark. 
Examples of two-body operators include 

A), 

k (e • k) (ct* • A), 
k ((7, • k) (e • A), 

(e-kxA). (7) 

There are 8 leading-order (in Nc) 2-body operators, which are listed in jj]. The 
explicit factors of Nc are included, so that one may expect that the a^, 6^, Ci, 
and di are all 0(7V°). 

But now comes an important observation. The 2-body operators have matrix 
elements oc Nc (since they get one contribution from each on the non-excited 
quarks in the baryon). Hence their contributions to the decay rates are not sup- 
pressed by large Nc arguments as Nc ^ oo, compared to the 1-body operators. 

Following this statement comes a surprise. The 2-body operators are empir- 
ically unimportant. 

Fitting data with 1-body operators alone gives = 52.97 (with mixing 
angles fixed at 6ni = 0.61 and = 3.04, which were obtained from an earlier 
analysis of the hadronic decays of the 70-plct ; wc can also do the fit letting 
the mixing angles be fit using the electromagnetic data only, and get the same 
mixing angles within the uncertainty limits). 

Now include one 2-body operator with the three one-body operators. The 
resulting depends on which 2-body operator is chosen, as tabulated here: 



2-body op. 


Cl C2 C3 


C4 di 


d2 


d3 


C?4 




52.85 52.04 39.21 


52.91 48.38 


52.81 


52.23 


52.59 



One does best using C3, and the result including all 8 two-body operators si- 
multaneously is not notably better than using cs alone. Including the 2-body 
operators does not significantly improve the fit to the data. 

The dynamics will have to be understood better if we are to understand why 
the the 2-body operators enter with small effect. Large Nc is not violated, in 
that no coefficient is forced to be larger than expected, but it does appear that 
the 2-body terms can have coefficients that are smaller that they have to be 
from large Nc ideas. 

One should say that there is an experimental opportunity here. Current data 
on N* "decays" really come from pion photoproduction, using time-reversal 
invariance. One then understands why all the decays that have been discussed 
have a ground-state nucleon in the final state. One can anticipate that modern 




d4 



X a-. ■ k 
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machines (for example, Jefferson Lab) can produce enough A''*'s to see radiative 
decays directly. That means that one can also think about decays into A7 final 
states. 

There are 24 (non-isospin related) amplitudes for the decays 

N* or A* A7 ; (8) 

the subscripts on the amplitudes Ax can now run from —1/2 to 5/2 (with parity 
invariance allowing us to fix A-y = 1). 

The 1-body operators and their coefficients are the same as for the decays 
into A^7; only the evaluation of the matrix elements changes. Hence each of the 
24 decays is predicted H, 22 . We can see if invariance of the 1-body operators 



will persist. 

In addition, we have made predictions Q using the 1-body operators plus 
the C3 operator and can say which of the 70-plet decays are among the most 
sensitive to including the previous best-fit value of the C3 term. Here are some 
examples, good and bad [decay amplitudes are all in (GeV)^^/^]: 



C3, 



C3, 



^ , fA+nfi2m^A^l - / 0.073 ±0.006 1-body, 

^i/2[A (1620)^A7j - I 0.074 ±0.006 1-body + 

, , . , f -0.019 ±0.009 1-body, 

A/2[p(1675)-.A7] = I _o.060±0.013 1-body 

, rA+/..-,r^ A 1 f -0.258 ±0.012 1-body, 

^5/2[A+(1675)^A7] = I _o.337± 0.020 1-body + C3. 

3. Mass Formula 



We have explained in the Introduction why we are going to discuss a mass 
formula in the midst of this baryon decay talk: the derivation is clear and 
illustrative of large Nc methods, the original derivation is dated, and we need 
the result. 

We looking at a 56-plet of baryons where the spatial state, and so also the 
spin-flavor state, is totally symmetric. There are 56 totally symmetric 3-quark 
states that one can make from u^, U|, d|, dj^, S|, and s^, where the arrows 
indicate the spin projection. The ground states form the 56, and the radially- 
excited states form the 56'. The states are the N, A, S, S, A, S*, S*, and 
O. 

The mass operators for these states are built from the spin 5' = X^a'^a/^ 
(the sum is over the quarks a), the flavor operators T° = '''a/'^ (where the 
T° are a set of 3 x 3 matrices), and the SU(6) operators 

a 

Terms in mass operators must be rotationally symmetric, and flavor sym- 
metric to leading order. Not all terms should be included. For example, in 
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symmetric states matrix elements of and are linearly dependent on those 
of S'^ and the unit operator Q . 

Flavor symmetry is not exact. The mass of the strange quark allows non- 
flavor symmetric terms in the effective mass operator, visible as unsummed 
flavor indices a = 8 below. The effective mass operator is 



+ 



ail 



^2 C.2 



^2 



(11) 



There is an e for each violation of flavor symmetry, where e « f/3. Also, 
a term that is a product of two or three operators comes from an interaction 
that has at least one or two gluon exchanges, and the strong coupling falls with 
number of colors as ~ l/N^ (A crucial theorem is that no perturbation theory 
diagrams fall slower in than the lowest order ones ||l0||). 

Keeping the first four terms, taking the matrix elements, and reorganizing 
leads to 



M = A + BN, + C 
+ DS{S + l), 



(12) 



where Ng is the number of strange quarks. This is the Giirsey-Radicati [|6| mass 
formula. We use it to predict masses of 4 undiscovered members of the 56', 
given that 4 are known. 

We can estimate the error of the formula. The constants above are nom- 
inally about 500 MeV. The first term omitted is hence nominally of order 500 
MeV/3^ or about 20 MeV, and this is the estimated error in the Giirsey-Radicati 
mass formula. 



4. The Decays 56' ^ 56 + Meson 

Four of the 8 states in the 56' are undiscovered or unconfirmed, and existing 
measurements have large uncertainty. However, we anticipate new results soon 
from the CLAS detector at CEBAF. One member of the 56' is the Roper or 
N(1440), whose composition has been debated. Might it be a q^g state |]l3| , 
a non-resonant cross-section enhancement [^], or just a 3-quark radial excita- 
tion jll| |l^? Recent lattice calculations, which seem to find the negative-parity 
excited baryons with about the right mass, still find the positive-parity exci- 
tation at a fairly heavy mass Our predictions depend upon the 3-quark 
possibility. 

We assume that only single-quark operators are needed. Two-quark opera- 
tors were studied for decays of orbitally-excited states B, and found unneces- 
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sary. There is only one single quark operator here, so 

Feff « G"fcV" , (13) 

where fc' is the meson S-monientum and tt" is a meson field operator. 
One gets for the decay widths, 

r = ^fc3/(fc)2^ \{Bj\G,am\\ (14) 

where f{k) parameterizes the momentum dependence of the amplitude. For the 
7 measured decays it is well fit by / = (2.8 ± Q.2)/k. With this in hand, we can 
predict the widths for 22 decays. The detailed results are in The success of 
our predictions would bolster the view of the Roper as a 3-quark state. 

5. Conclusions 

Here is a summary of our conclusions in list form: 

1. For 70-plet decays to N^, single quark-operators are not favored by large 
Nc, yet they suffice to explain the data. Adding extra operators does not 
materially improve the fit. Why this should be so remains a mystery. 

2. Decays of the 70-plet to A7 add 24 new decay channels to test large iV^ 
ideas or the approximation of using the single-quark operators only. 

3. For 56' decays (to N-k), the mass spread necessitated thinking about the 
momentum dependence of the matrix elements. We got masses of the as 
yet unfound members of the 56' from the Giirsey-Radicati mass formula — 
for which we have a modern large Nc derivation. 

4. Seven 56' decays into baryon plus meson have been observed, the remain- 
ing 22 being predicted. We assumed the states, including the Roper, were 
3-quark states. The success of the predictions could shed light on whether 
this is true. 
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7 



References 

[1] C. E. Carlson, C. D. Carone, J. L. Goity and R. F. Lebed, Phys. Lett. B 
438, 327 (1998); Phys. Rev. D 59, 114008 (1999). 



C. L. Schat (these proceedings), arXiv:hep-ph/0204044; C. L. Schat, 
J. L. Goity and N. N. Scoccola, Phys. Rev. Lett. 88, 102002 (2002). 

C. E. Carlson and C. D. Carone, Phys. Lett. B 484, 260 (2000). 

C. E. Carlson and C. D. Carone, Phys. Rev. D 58, 053005 (1998); Phys. 
Lett. B 441, 363 (1998). 

C. D. Carone, H. Georgi, L. Kaplan and D. Morin, Phys. Rev. D 50, 5793 
(1994). 

F. Giirsey and L. Radicati, Phys. Rev. Lett. 13 (1964) 173. 

A. J. G. Hey, P. J. Litchfield and R. J. Cashmore, Nucl. Phys. B 95 (1975) 
516; R. Horgan, Proceedings of the Topical Conference on Baryon Reso- 
nances, Oxford, (1976) 435. 

F. E. Close, Quarks and Partons, Academic Press, London, 1979. 

D. E. Groom et al. [Particle Data Group Collaboration], Em-. Phys. J. C 
15, 1 (2000). 

E. Jenkins and R. F. Lebed, Phys. Rev. D 52 (1995) 282; E. Jenkins 



and R. F. Lebed, Phys. Rev. D 62, 077901 (2000). A. Manohar, bep- 



ph/9802419; A. J. Buchmann and R. F. Lebed, Phys. Rev. D 62, 096005 



(2000) E. Jenkins (these proceedings), arXiv:hep-ph/0201246 



N. Isgur and G. Karl, Phys. Rev. D 19, 2653 (1979). 

L. Ya. Glozman and D. O. Riska, Phys. Rept. 268, 263 (1996). 

Zhen-ping Li, V. Burkert, and Zhu-jun Li, Phys. Rev. D 46, 70 (1992); C. 
E. Carlson and N. C. Mukhopadhyay, Phys. Rev. Lett. 67, 3745 (1991). 

O. Krehl, C. Hanhart, S. Krewald, and J. Speth, Phys. Rev. C 62, 025207 
(2000). 

R. Dashen and A. Manohar, Phys. Lett. B315, 425 (1993); 315, 438 (1993); 
E. Jenkins, ihid. 315, 431 (1993); 315, 441 (1993); 315, 447 (1993); E. 
Jenkins and A. V. Manohar, Phys. Lett. B335, 452 (1994); R. Dashen, 
E. Jenkins, and A. V. Manohar, Phys. Rev. D 49 4713 (1994); J. Dai, R. 
Dashen, E. Jenkins, and A. V. Manohar, Phys. Rev. D 53, 273 (1996). 

R. Dashen, E. Jenkins, and A. V. Manohar, Phys. Rev. D 51, 3697 (1995). 

C. Carone, H. Georgi, and S. Osofsky, Phys. Lett. B322, 227 (1994). 



8 



[18] M. A. Luty and J. March-Russell, Nucl. Phys. B426, 71 (1994); M. A. 
Luty, J. March-Russell, M. White, Phys. Rev. D 51, 2332 (1995). 

[19] J. L. Goity, Phys. Lett. B414, 140 (1997). 

[20] D. Pirjol and T.-M. Yan, Phys. Rev. D 57 (1998) 1449; ibid., 5434. 

[21] See, for example, L. A. Copley, G. Karl and E. Obryk, Phys. Lett. B29, 
117 (1969); Nucl. Phys. B13, 303 (1969). 

[22] F. J. Gilman and I. Karliner, Phys. Rev. D 10, 2194 (1974). 

[23] Shoichi Sasaki, et ai, Invited Talk at NSTAR2000, Th e Physics of Ex- 
cited Nucleons, Newport News, VA, 16-19 February 2000, |hep-ph/0004252| ; 
D. G. Richards, M. Gockeler, R. Horsley, D. Pleiter, P. E. Rakow, G. Schier- 
holz and C. M. Maynard [LHPC Colla boration], Nucl. Phys. P roc. Suppl, 



109, 89 (200 2) |arXiv:hep-lat/0112031| . W. Melnitchouk et al, |irXiv:hep- 



lat/0202022 . 



[24] V. D. Burkert, R. Dc Vita, M. Battagheri, M. Ripani and V. Mokeev, "Sin- 
gle quark transition model analysis of electromagnetic nucleon resonance 
transitions in the (70,1-) supermultiplet," arXiv:hcp-ph/0212108[ (Refer- 
ences to the data are included here.) 



9 



